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Torque limitationAbstract This paper proposes a novel fault tolerant control with torque limitation based on the
fault mode for the ten-phase permanent magnet synchronous motor (PMSM) under various
open-circuit and short-circuit fault conditions, which includes the optimal torque control and the
torque limitation control based on the fault mode. The optimal torque control is adopted to
guarantee the ripple-free electromagnetic torque operation for the ten-phase motor system under
the post-fault condition. Furthermore, we systematically analyze the load capacity of the
ten-phase motor system under different fault modes. And a torque limitation control approach
based on the fault mode is proposed, which was not available earlier. This approach is able to
ensure the safety operation of the faulted motor system in long operating time without causing
the overheat fault. The simulation result conﬁrms that the proposed fault tolerant control for the
ten-phase motor system is able to guarantee the ripple-free electromagnetic torque and the safety
operation in long operating time under the normal and fault conditions.
 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Due to the distinct advantage of replacing the centralized
hydraulic system and eliminating all its associateddisadvantage, the more electric/all electric aircraft has been
the development trend in the last decade.1–3 The electrically
powered actuation technology, as the key technology of the
more electric/all electric aircraft, is widely applied to the ﬂight
control surface actuation system and fuel pump system, which
plays an important role in ﬂight safety. And extensive research
work has been reported for the electrically powered actuator,
which can be divided into two categories: electro-hydrostatic
actuator (EHA)4,5 and electro-mechanical actuator (EMA).6–8
Electrical machine system is the crucial part of the electrically
powered actuator and it has a critical inﬂuence on the
servo-actuation system performance. As a result, as the aircraft
is moving towards the developing direction with safer and
Fig. 1 The ten-phase PMSM.
Fig. 2 Cross-section of stator 1 and rotor 1.
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the fault tolerant electrical machine system.
The multiphase permanent magnet synchronous motor
(PMSM) has the advantage of high power density, high efﬁ-
ciency, and high fault tolerance, which is more and more
applied to aerospace servo-actuation system.9–11 However,
under the motor phase windings’ fault conditions, the unbal-
anced current will cause torque ﬂuctuation even leading to a
serious damage for the motor system. Therefore, the fault
tolerant control of the multiphase PMSM is considered of
importance. Extensive research work has been reported on
the fault tolerant control of the multiphase PMSM under fault
conditions. In Refs.12–14, the optimal torque control is
proposed to compute the remaining healthy phase current
using the optimization algorithms for the multiphase PMSM
under fault conditions. The current obtained in this approach
contained higher order harmonics that cannot be selectively
regulated. Refs.15–17 proposed an optimal current control with
the third harmonic current injection to reduce the torque
ﬂuctuation of the multiphase PMSM during the post-fault
operation. The current obtained in this approach was not
optimized to produce the electromagnetic torque with the
minimum torque ripple. However, during the post-fault
operation of the multiphase PMSM, the remaining health
phase current will increase greatly, especially under the
multiphase fault conditions, which will cause the system over-
heat fault in long operating time. And there is no literature
about the fault tolerant control that can address this issue.
In this paper, we propose a novel fault tolerant control with
the torque limitation based on the fault mode for the ten-phase
PMSM under the open-circuit and short-circuit fault condi-
tions, which is able to guarantee the ripple-free electromag-
netic torque and the safety operation in long operating time
during the post-fault operation. The main contributions of this
paper are twofold. First, we propose an approach to systemat-
ically analyze the load capacity of the ten-phase PMSM system
under different fault conditions. Second, a novel fault tolerant
control with the torque limitation based on the fault mode is
proposed to guarantee the ripple-free electromagnetic torque
and the safety operation under the fault condition in long
operating time. And this paper is organized as follows. The
mathematical model of the ten-phase PMSM is developed in
Section 2. Section 3 presents the fault tolerant control with
torque limitation based on fault mode. And the simulation is
conducted in Section 4. Finally, Section 5 concludes this paper.
2. Mathematical model
In this paper, the ten-phase PMSM with two stators (stator 1
and stator 2) and two rotors (rotor 1 and rotor 2) mounted on
the same shaft is adopted, as shown in Figs. 1 and 2. Each set
of the stator and the rotor can be considered as an 8-pole/
10-slot ﬁve-phase PMSM with concentrated, single-layer and
alternate teeth wound winding. And the short-circuit current
can be limited to the rated current. Therefore, this motor has
excellent fault tolerant capacity. The detailed ten-phase
PMSM design is described in Ref.18,19. Note that the ten
phase windings are A1, B1, C1, D1, E1, A2, B2, C2, D2, E2, and
the subscript 1,2 represent the phase windings of the stator 1,2.
For the mathematical modeling, we assume that 1) the
magnetic circuit of the ten-phase PMSM is linear, ignoring coresaturation, and 2) the back electromotive force (EMF) is
sinusoidal. As a result, mathematical model of the ten-phase
PMSM can be represented as
dh
dt
¼ xr ð1Þ
dxr
dt
¼ B
J
xr  TL
J
þ Te
J
ð2Þ
Te ¼
X
i2S
KiIi ð3Þ
Ki ¼ Km sinðxetþ heiÞ ð4Þ
where h denotes the mechanical angle, xr the mechanical
speed, B the damping coefﬁcient, J the rotor moment of iner-
tia, TL the load torque, Te the electromagnetic torque, S the set
of phase windings, Ki the ith phase EMF coefﬁcient, Ii the ith
phase current; Km denotes the peak phase EMF coefﬁcient,
which is equal to the ratio of the peak phase EMF to xr. Here
xe is the electrical speed, and xe ¼ pxr, where p is the pole
pairs number. hei is the initial phase electrical angle, which
belongs to the following set:
hei 2 0; p
10
;
4p
10
;
5p
10
;
8p
10
;
9p
10
;
12p
10
;
13p
10
;
16p
10
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 
Under the phase fault conditions, the electromagnetic
torque Eq. (3) of the ten-phase PMSM can be rewritten as
Te ¼
X
i2Sn
KiIi þ
X
j2Sf
KjIj
¼ Tu þ Tr ð5Þ
1466 H. Guo, J. Xuwhere Sn denotes the set of remaining health phase windings
and Sf the set of faulted phase windings. Furthermore, Tu is
the controllable electromagnetic torque component, which is
used to guarantee the continuous operation under post-fault
condition. Tr is the uncontrollable electromagnetic torque
component, which depends on the fault mode of the
ten-phase PMSM. Under the open-circuit fault condition,
Ij ¼ 0; j 2 Sf, hence Tr ¼ 0. Under the short-circuit fault
condition, Tr is ﬂuctuated electromagnetic torque.
12 In the
next section, we will propose the fault tolerant control of the
ten-phase PMSM.
3. Fault tolerant control
3.1. Control scheme
In this paper, the dual closed-loop control structure is adopted
for the ten-phase PMSM system, including the speed loop and
the current loop. Furthermore, we propose a novel fault toler-
ant control with the torque limitation based on the fault mode,
which is located between the speed loop and the current loop
as shown in Fig. 3. The control strategy is composed of the
optimal torque control and the torque limitation control based
on the fault mode of the ten-phase PMSM, which is able to
guarantee the ripple-free electromagnetic torque and the safety
operation in long operating time during the post-fault opera-
tion without causing the overheat fault.
Here xref denotes the speed command signal, xback the
speed feedback signal, Teref the electromagnetic torque
command signal, hback the rotor angle feedback signal, Iref
the current command signal, Iback the current feedback signal
and Uref the voltage command signal.
3.2. Optimal torque control
In order to ensure the ripple-free electromagnetic torque for
the ten-phase PMSM during the post-fault condition, the opti-
mal torque control is adopted to formulate the calculation of
the remaining health phase current command for the current
loop as a constrained optimization problem by minimizing
the copper losses. The essence of the optimal torque control
is to compensate the impact of the fault via the use of all the
remaining healthy phase winding.
In this paper, the constrained optimization problem for the
calculation of the remaining health phase current command
can be formulated as
min R
X10
j¼1
I2j ð6ÞFig. 3 Fault toleranwhich is subject to the constraint Eq. (5). Here R denotes the
motor phase resistance. To solve this optimization problem,
by using Eqs. (5) and (6), the augmented objective function
FðI1; I2; . . . ; I10; kÞ20 can be represented as
F ¼
X10
j¼1
I2j þ k Te  Tr 
X
jn2Sn
KjnIjn
 !
ð7Þ
where k is the Lagrange multiplier. Note that Ij in Eq. (7)
belongs to the phase winding set S, while Ijn belongs to the
phase winding set Sn, respectively. For jn 2 Sn, taking the
derivative of F with respect to Ijn , we can have
@F
@Ijn
¼ 2Ijn  kKjn ð8Þ
Taking the derivative of F with respect to k yields
@F
@k
¼ Te  Tr 
X10
jn2Sn
Kjn Ijn ð9Þ
For jn 2 Sn, let
@F
@Ijn
¼ 0 ð10Þ
and
@F
@k
¼ 0 ð11Þ
Then the instantaneous phase current command in the
healthy phase can be given by
Ijn ¼ ðTe  TrÞ
KjnP10
jn2SnK
2
jn
ð12Þ
When there is no fault for the ten-phase PMSM, by using Eq.
(4), the denominator of Eq. (12) can be represented as
X10
jn2Sn
K2jn ¼ K2m
X
jn2Sn
sin2ðxetþ hejnÞ
¼ 5K2m ð13Þ
Under the fault condition, by using Eq. (4), the denominator
of Eq. (12) can be represented as
X10
jn2Sn
K2jn ¼
X
i2S
K2i 
X
jf2Sf
K2jf
¼ 5K2m 
X
jf2Sf
K2jf ð14Þ
As a result, the optimal torque control is an instantaneous
torque control strategy. During normal operation, the phase
current waveform is sinusoidal, while under fault conditions,t control scheme.
Table 1 Load capacity under different fourth open-circuit
fault conditions.
Fault winding Maximum RMS value Load capacity (%)
A1, A2, B1, B2 0.935Imr 100
A1, A2, B1, C1 0.930Imr 100
A1, B1, D1, D2 1.083Imr 92.3
A1, A2, B1, D1 1.083Imr 92.3
A1, B1, B2, D2 0.983Imr 100
A1, A2, B2, D1 0.983Imr 100
A1, B1, C1, D2 0.882Imr 100
A1, B1, C2, D2 0.935Imr 100
A1, B2, C2, D1 0.935Imr 100
A1, A2, C1, C2 1.048Imr 95.4
A1, B1, B2, C1 0.882Imr 100
A1, B1, B2, D1 0.994Imr 100
A1, B1, B2, C2 0.833Imr 100
A1, B2, D1, D2 0.983Imr 100
A1, B1, C1, D1 0.919Imr 100
A1, B1, C2, D1 0.994Imr 100
A1, B2, C1, D1 0.833Imr 100
Fault tolerant control with torque limitation based on fault mode for ten-phase permanent magnet synchronous motor 1467the remaining phase current waveform contains higher order
harmonics.
3.3. Load capacity analysis
According to Eq. (12), during the post-fault operation, the
remaining health phase currents are highly unequal and have
large peaks, which will cause the system overheat fault in long
operating time. In order to ensure the safety operation of the
faulted system in long operating time, we systematically
analyze the load capacity of the ten-phase motor system in
different fault modes, which can provide a guideline for the
torque limitation control design.
Since the generated thermal of the motor system is
proportional to the root mean square (RMS) value of the
phase current, we will calculate the maximum RMS value of
the remaining health phase current to analyze the load
capacity of the ten-phase motor system in different fault
modes. From the motor design in Refs.18,19, we know that
under normal condition, each segment of the ten-phase PMSM
can output the rated load torque. Let Tem denote the rated load
torque of each segment of the ten-phase PMSM, Imr the rated
RMS value of phase current, and Im denote the rated phase
current peak. As a result, when all phase current peaks reach
Im, the output torque of the ten-phase PMSM is equal to
2Tem. Then by Eq. (12), we have
Im ¼
ﬃﬃﬃ
2
p
Imr ¼ 2Tem
5Km
ð15Þ
which will be used later.
(1) Open-circuit fault
According to Eqs. (12) and (14), for the ten-phase PMSM
with the rated torque Tem, the remaining health phase current
can be represented as
Ijn ¼
TemKjn
5K2m 
X
if2Sf
K2if
ð16Þ
for jn 2 Sn.
Substituting Eqs. (4) and (15) into Eq. (16), we have
Ijn ¼
5ImKmKjn
2 5K2m 
X
if2Sf
K2if
 !
¼ 5Im sin xetþ hejn
 
2 5
X
if2Sf
sin2ðxetþ heifÞ
 ! ð17Þ
By using the equivalent thermal principle, the remaining
health phase current RMS value Ijnr can be represented as
Ijnr ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃR 2p
0
I2jndfR 2p
0
df
vuut ð18Þ
For the ﬁrst open-circuit fault and second open-circuit fault
of the ten-phase PMSM, the denominator of Eq. (17) can be
rewritten as
2 5
X
if2Sf
sin2ðxetþ heifÞ
 !
> 5 ð19ÞAs a result,
Ijn < Im ð20Þ
That is, the system is able to output the rated torque Tem in
long operating time under these conditions without causing
the overheat fault.
For the third open-circuit fault, we calculate all the remain-
ing health phase current RMS values under different fault
modes by using Eq. (18). By comparison, the worst fault mode
of the third open-circuit condition is the ten-phase PMSM with
the fault phase windings A1, A2, C1, and the health phase C2
has the maximum current RMS value Ic2r3,
Ic2r3 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃR 2p
0
5Im sinðfþ0:9pÞ
2 5sin2fsin2ðfþ0:1pÞsin2ðfþ0:8pÞð Þ
 2
dfR 2p
0
df
vuuuut
¼ 0:869Imr ð21Þ
As a result, for all the fault modes of the third open-circuit
fault, the system is able to output the rated torque Tem in long
operating time without causing the overheat fault.
For the fourth open-circuit fault, we calculate all the
remaining health phase current RMS values in different fault
modes by Eq. (18). By comparison, the worst fault mode of
the third open-circuit condition is the ten-phase PMSM with
the fault phase windings A1, A2, B1, D1, and the health phase
D2 has the maximum current RMS value Id2r4.
Id2r4 ¼ 1:083Imr ð22Þ
As a result, in this fault mode, the ten-phase PMSM will
cause the overheat fault in long operating time. To ensure
the safety operation, the load capacity of the system should
decrease by 92.3% (1/1.083). Similarly, the load capacity of
the ten-phase PMSM under different fourth open-circuit fault
conditions are summarized in Table 1. Note that for the fourth
open-circuit fault condition, when the fault windings are (A1,
B1, D1, D2), (A1, A2, B1, D1), or (A1, A2, C1, C2), the
ten-phase PMSM needs to reduce the load torque to ensure
the safety operation in long time.
1468 H. Guo, J. XuSimilarly, we can obtain the load capacity of the ten-phase
PMSM under different ﬁfth open-circuit fault conditions, as
shown in Table 2. Note that the fault modes with the fault
windings (A1, A2, B1, B2, D1), (A1, A2, B1, C2, D1), or (A1,
B1, C2, D1, D2) are the worst conditions in all the ﬁfth open-
circuit faults. In order to guarantee the safety operation for
all the ﬁfth open-circuit faults, the load capacity of the system
should decrease by 72.9% (1/1.372).
For the ten-phase PMSM with more than ﬁve faulted phase
windings, the remaining health phase current increases signiﬁ-
cantly.For safety consideration, the system should be shut down.
(2) Short-circuit fault
Since the short-circuit current of the ten-phase PMSM is
limited to the rated current, using Eq. (5), the torque ripple
caused by the short-circuit current can be represented as
Tr ¼
X
i2Sf
Km sin hiIm sin hi 
p
2
	 

¼
X
i2Sf
KmIm sin hi cos hi
¼
X
i2Sf
KmIm
2
sinð2hiÞ ð23Þ
where h0i denotes the electrical angle of the ith faulted phase.
Substituting Eqs. (4), (15) and (23) into Eq. (12), the
remaining health phase current can be represented as
Ijn ¼
Tem 
X
if2Sf
KmIm
2
sinð2h0ifÞ
 !
Kjn
5K2m 
X
if2Sf
K2if
¼
5KmIm 
X
if2Sf
KmIm sinð2h0ifÞ
 !
Kjn
2ð5K2m 
X
if2Sf
K2ifÞ
¼
5
X
if2Sf
sinð2xetþ 2heifÞ
 !
sinðxetþ hejnÞIm
10 2
X
if2Sf
sin2ðxetþ heifÞ
ð24ÞTable 2 Load capacity under different ﬁfth open-circuit fault
conditions.
Fault winding Maximum RMS value Load capacity (%)
A1, A2, B1, B2, C1 1.035Imr 96.6
A1, A2, B1, B2, D1 1.372Imr 72.9
A1, A2, B1, C1, D1 1.208Imr 82.8
A1, A2, B1, C1, D2 1.141Imr 87.6
A1, B1, C1, C2, D2 1.111Imr 90.0
A1, B1, B2, C2, D1 1.111Imr 90.0
A1, B1, C1, D1, E1 Imr 100
A1, B1, C1, D2, E1 1.072Imr 93.3
A1, B1, C1, D2, E2 1.035Imr 96.6
A1, A2, B1, C1, C2 1.201Imr 83.3
A1, A2, B1, D1, D2 1.344Imr 74.4
A1, B1, B2, C1, D1 1.072Imr 93.3
A1, B1, B2, C1, D2 1.063Imr 94.1
A1, A2, B1, C2, D1 1.372Imr 72.9
A1, B1, C2, D1, D2 1.372Imr 72.9
A1, B1, C1, D1, E2 1.072Imr 93.3
A1, B1, C2, D1, E1 1.072Imr 93.3
A1, B1, C2, D1, E2 1.111Imr 90.0For the ﬁrst short-circuit fault, using Eq. (24),
Ijn 6
6
8
Im ð25Þ
That is, the system is able to output the rated torque Tem in
long operating time under this condition without causing the
overheat fault.
For the second short-circuit fault, we calculate all the
remaining health phase current RMS values in different fault
modes by using Eq. (24). By comparison, the worst fault mode
of the second short-circuit condition is the ten-phase PMSM
with the fault phase windings A1, A2, and the health phase
C2 has the maximum current RMS value Ic2s2,
Ic2s2 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃR 2p
0
ð5sinð2fÞsinð2fþ0:2pÞÞIm sinðfþ0:9pÞ
2ð5sin2fsin2ðfþ0:1pÞÞ
	 
2
dfR 2p
0
df
vuuut
¼ 0:802Imr ð26Þ
As a result, the system is able to output the rated torque
Tem in long operating time under different second short-
circuit conditions without causing the overheat fault.
For the third short-circuit fault, according to the
calculation of all the remaining health phase current RMS
values in different fault modes, the worst fault mode is the
ten-phase PMSM with the fault phase windings A1, A2, C1,
and the health phase C2 has the maximum current RMS value
Ic2s3.
Ic2s3 ¼ 1:022Imr ð27Þ
That is, in this fault mode, the ten-phase PMSM will cause the
overheat fault in long operating time. To ensure the safety
operation, the load capacity of the system should decrease
by 97.8% (1/1.022). And the load capacity of the ten-phase
PMSM under different third short-circuit fault conditions
are summarized in Table 3.
Similarly, we can obtain the load capacity of the ten-phase
PMSM under different fourth short-circuit fault and ﬁfth
short-circuit conditions, as shown in Tables 4 and 5, respec-
tively. Note that the fault mode with the fault windings (A1,
A2, C1, C2) is the worst condition in all the fourth short-
circuit faults. In order to guarantee the safety operation for
all the fourth short-circuit faults, the load capacity of the
system should decrease by 69.5% (1/1.439).
As shown in Table 5, the fault mode with the fault windings
(A1, B1, C2, D1, D2) is the worst condition in all the ﬁfth short-
circuit faults. In order to guarantee the safety operation for allTable 3 Load capacity under different third short-circuit fault
conditions.
Fault winding Maximum RMS value Load capacity (%)
A1, A2, B1 0.908Imr 100
A1, B1, C1 0.812Imr 100
A1, B1, C2 0.854Imr 100
A1, B1, D2 0.933Imr 100
A2, B1, D1 1.001Imr 99.0
A1, A2, C1 1.022Imr 97.8
A1, B1, D1 0.943Imr 100
A1, B2, C1 0.859Imr 100
A1, B2, D1 0.859Imr 100
Table 4 Load capacity under different fourth short-circuit
fault conditions.
Fault winding Maximum RMS value Load capacity (%)
A1, A2, B1, B2 1.050Imr 95.2
A1, A2, B1, C1 1.090Imr 91.7
A1, B1, D1, D2 1.363Imr 73.4
A1, A2, B1, D1 1.259Imr 79.4
A1, B1, B2, D2 1.206Imr 82.9
A1, A2, B2, D1 1.146Imr 87.3
A1, B1, C1, D2 0.973Imr 100
A1, B1, C2, D2 1.050Imr 95.2
A1, B2, C2, D1 0.996Imr 100
A1, A2, C1, C2 1.439Imr 69.5
A1, B1, B2, C1 0.953Imr 100
A1, B1, B2, D1 1.127Imr 88.7
A1, B1, B2, C2 0.893Imr 100
A1, B2, D1, D2 1.206Imr 82.9
A1, B1, C1, D1 1.002Imr 99.8
A1, B1, C2, D1 1.102Imr 90.7
A1, B2, C1, D1 0.893Imr 100
Table 5 Load capacity under different ﬁfth short-circuit fault
conditions.
Fault winding Maximum RMS value Load capacity (%)
A1, A2, B1, B2, C1 1.145Imr 87.3
A1, A2, B1, B2, D1 1.374Imr 72.8
A1, A2, B1, C1, D1 1.536Imr 65.1
A1, A2, B1, C1, D2 1.322Imr 75.6
A1, B1, C1, C2, D2 1.191Imr 84.0
A1, B1, B2, C2, D1 1.282Imr 78.0
A1, B1, C1, D1, E1 Imr 100
A1, B1, C1, D2, E1 1.178Imr 84.9
A1, B1, C1, D2, E2 1.153Imr 86.7
A1, A2, B1, C1, C2 1.482Imr 67.5
A1, A2, B1, D1, D2 1.238Imr 80.8
A1, B1, B2, C1, D1 1.185Imr 84.4
A1, B1, B2, C1, D2 1.26Imr 79.4
A1, A2, B1, C2, D1 1.586Imr 63.1
A1, B1, C2, D1, D2 1.647Imr 60.7
A1, B1, C1, D1, E2 1.178Imr 84.9
A1, B1, C2, D1, E1 1.178Imr 84.9
A1, B1, C2, D1, E2 1.175Imr 85.1
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should decrease by 60.7% (1/1.647).
3.4. Torque limitation control
According to load capacity analysis, the ten-phase PMSM
under multiphase windings fault conditions should decrease
the output torque to avoid the overheat fault caused by the
excessive health phase current. As a result, we propose a
torque limitation control based on the fault mode to guarantee
the safety operation in long time, as shown in Fig. 4.
This approach adjusts the steady state torque limitation
according to the load capacity of the ten-phase PMSM indifferent fault modes. Then the torque command output is
determined accordingly:
(1) If torque command is no greater than the steady state
torque limitation, the output is equal to torque
command.
(2) If torque command is greater than the transient state
torque limitation for more than 0.25 s, the output is
equal to the steady state torque limitation. If torque
command is greater than the transient state torque
limitation for less than 0.25 s, the output is equal to
the transient state torque limitation.
(3) If torque command is between steady state torque
limitation and transient state torque limitation for
more than 0.5 s, the output is equal to the steady state
torque limitation. Otherwise, the output is the torque
command.
4. System simulation
The computer simulation is conducted to verify the fault
tolerant control strategy in Section 3 via the use of Ansoft/
simplorer. Furthermore, the system parameters are listed in
Table 6.
Fig. 5 shows the rated speed step response of the system
with the rated load under normal condition. Figs. 6 and 7
show the corresponding electromagnetic torque and the phase
current waveform, respectively. The fault tolerant control is
able to achieve the smooth electromagnetic torque operation
under normal condition, and the electromagnetic torque is
about 0.3 N m when the phase current peak is 2.5 A.
Fig. 8 shows the rated speed step response of the system
with the rated load in third open-circuit fault condition and
the fault phase windings are A1, A2, C1. Figs. 9 and 10 show
the corresponding electromagnetic torque and the phase cur-
rent waveform, respectively. And the dc-bus current of the
ten-phase PMSM system is shown in Fig. 11. The time of
the third open-circuit fault occurrence is t= 100 ms. Note that
the fault tolerant control is able to achieve the smooth electro-
magnetic torque operation under the third open-circuit fault
condition, and the remaining phase current peak is no greater
than 5 A. That is, the load capacity of the system in this fault
mode does not need to be decreased.
Fig. 12 shows the rated speed step response of the system
with the rated load under second short-circuit fault condition
and the fault phase windings are A1, A2. Figs. 13 and 14 show
the corresponding electromagnetic torque and the phase cur-
rent waveform, respectively. And the dc-bus current of the
ten-phase PMSM system is shown in Fig. 15. As shown in
Figs. 12–15, the fault tolerant control is able to guarantee
the ripple-free electromagnetic torque operation under the
second short-circuit fault condition and the load capacity of
the system can achieve the rated load.
Fig. 16 shows the electromagnetic torque waveform of the
system with 72.9% of rated load under the ﬁfth open-circuit
fault condition and the fault phase windings are A1, A2, B1,
B2, D1. Fig. 17 shows the corresponding phase current wave-
form. Note that the maximum RMS value of remaining health
phase current is 3.3 A, no greater than the rated RMS value by
Fig. 4 Torque limitation control scheme.
Table 6 System parameters used for simulation.
Parameter Value
Supply voltage (V) 28
Phase resistance (X) 0.1
Phase inductance (mH) 1.33
Rated current (A) 5
Short-circuit current (A) 5
Moment of inertia (kgm2) 5e4
Torque coeﬃcient ðN m=AÞ 0.06
Damping period of current (N m=ðrad  s-1Þ) 5e4
Time period of current loop ðlsÞ 25
Time period of speed loop ðlsÞ 100
Fig. 5 Speed step response under normal condition.
1470 H. Guo, J. Xudecreasing the corresponding load torque, which veriﬁes the
validity of the load capacity analysis.
Fig. 18 shows the electromagnetic torque waveform of the
system with 60.7% of rated load under the ﬁfth short-circuit
fault condition, and the fault phase windings are A1, B1, C2,
D1, D2. Fig. 19 shows the corresponding phase current wave-
form. Note that the maximum RMS value of remaining health
phase current is 3.15 A, no greater than the rated RMS value
by decreasing the corresponding load torque, which veriﬁes the
validity of the load capacity analysis. Note that the distortion
of phase current is increasing under fault state, which is causedby the FTPMSM phase inductance. However, it has a little
inﬂuence on the fault tolerant performance of the FTPMSM
system, since the electromagnetic torque ripple in the ﬁfth
open-circuit fault and the ﬁfth short-circuit fault (the worst
condition) are only 2.27% and 9.1%, respectively, as shown
in Figs. 16 and 18.
Fig. 20 shows the speed response waveform of the system
with the rated load under ﬁfth open-circuit fault condition,
and the corresponding electromagnetic torque waveform is
shown in Fig. 21. Figs. 22 and 23 show the speed response
Fig. 8 Speed step response with third open-circuit fault.
Fig. 6 Electromagnetic torque under normal condition.
Fig. 7 Phase current under normal condition.
Fig. 9 Electromagnetic torque with third open-circuit fault.
Fig. 10 Phase current with third open-circuit fault.
Fig. 11 Dc-bus current with third open-circuit fault.
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tem with the rated load under ﬁfth short-circuit fault condi-
tion, respectively. Note that after the fault occurrence, the
system with the rated load is still able to keep good trackingperformance in no more than 0.5 s. Then load capacity of
the system is decreased based on the fault mode, which will
cause the degradation of the speed tracking performance. As
a result, with the torque limitation control, the ten-phase
Fig. 12 Speed step response with second short-circuit fault.
Fig. 13 Electromagnetic torque with second short-circuit fault.
Fig. 14 Phase current with second short-circuit fault.
Fig. 15 Dc-bus current with second short-circuit fault.
Fig. 16 Electromagnetic torque with ﬁfth open-circuit fault.
Fig. 17 Phase current with ﬁfth open-circuit fault.
1472 H. Guo, J. XuPMSM is able to guarantee the safety operation in long time
without causing the overheat fault.Figs. 24 and 26 show the frequency response of the ten-
phase PMSM system under different open-circuit fault and
short-circuit fault conditions, respectively. Figs. 25 and 27
Fig. 18 Electromagnetic torque with ﬁfth short-circuit fault.
Fig. 19 Phase current with ﬁfth short-circuit fault.
Fig. 20 Speed response with ﬁfth open-circuit fault.
Fig. 21 Electromagnetic torque with ﬁfth open-circuit fault.
Fig. 22 Speed response with ﬁfth short-circuit fault.
Fig. 23 Electromagnetic torque with ﬁfth short-circuit fault.
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under different open-circuit fault and short-circuit fault
conditions, respectively. Here the frequency of the speed com-
mand is 10 Hz and the amplitude of the speed command is
1500 r/min (25% of rated speed). Note that the fault tolerantcontrol is able to guarantee the dynamic performance without
degradation for the system under the third open-circuit fault
and second short-circuit fault conditions. Under the ﬁfth
open-circuit fault condition, the amplitude of the speed track-
ing trajectory decays by 3.07 dB, while the amplitude of the
Fig. 24 Frequency response with open-circuit fault.
Fig. 25 Electromagnetic torque with open-circuit fault.
Fig. 26 Frequency response with short-circuit fault.
Fig. 27 Electromagnetic torque with short-circuit fault.
1474 H. Guo, J. Xuspeed tracking trajectory decays by 3.48 dB under the ﬁfth
short-circuit fault condition. As shown in Figs. 25 and 27,the proposed fault tolerant control does not change the tran-
sient torque limitation value of the ten-phase PMSM system
under the fault condition. And the local dropping of the
electromagnetic torque is caused by the remaining healthy
phase current command beyond the phase current limitation.
5. Conclusions
The fault tolerant control problem of the multiphase PMSM is
considered in this paper.
(1) A novel fault tolerant control with the torque limitation
based on the fault mode for the ten-phase PMSM is pro-
posed, which includes the optimal torque control and
the torque limitation control based on the fault mode.
The optimal torque control is able to guarantee the
ripple-free electromagnetic torque operation of the sys-
tem under the open-circuit and short-circuit fault condi-
tions, which compensates the impact of fault phase by
all the remaining health phase.
(2) A new approach to systematically analyze the load
capacity of the ten-phase motor system in different fault
modes is proposed. The system is able to operate contin-
uously without load capacity degradation for no more
than third open-circuit fault and second short-circuit
fault. For fourth and ﬁfth open-circuit fault, the system
load capacity needs to be decreased by 92.3% and
72.9%, respectively. For third, fourth, and ﬁfth short-
circuit fault, the system load capacity needs to be
decreased by 97.8%, 69.5%, and 60.7%, respectively.
(3) Based on the load capacity analysis, we propose the tor-
que limitation control based on the fault mode, which
adjusts the steady state torque limitation according to
the load capacity of the system in different fault modes.
The simulation result shows that the proposed fault tol-
erant control is able to guarantee the ripple-free torque
operation of the system in long operating time without
causing the overheat fault, regardless of the normal
and fault conditions.
Further exploration on the fault tolerant control consider-
ing the inﬂuence of inductance on the current tracking control
will be interesting and worth pursuing.
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